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PREFACE 


Fifteen nondestructive evaluation (NDE) experts met for the Second Annual Review of 
NASA's NDE of Bond Strength Program at LaRC, NDE Sciences Branch on 
November 6, 1998. The goal of this research is to nondestructively determine quantitative 
strength levels in structural bonds. The Symposium was held to review both "in house” 
NDE research and work performed by sponsored university grantees. The grants 
reviewed were: "Investigation of Adhesive Bond Cure Conditions using Nonlinear 
Ultrasonic Methods", The Johns Hopkins University (Dr. Robert Green and Mr. Tobias 
Bemdt); "An Assessement of Adhesive Bond Deterioration by Detection of Nonlinear 
Effects", Northwestern University (Dr. Jan D. Achenbach and Mr. Zhengeng Tang); 
"Characterization of Adhesive Bonds Using Nonlinear Ultrasound", The Georgia 
Institute of Technology (Dr. Jianmin Qu and Mr. Larry Jacobs). Invited presentations were 
given by Drs. Stan Rokhlin and Lazslo Adler of the Ohio State University & Adler 
Consultants, and Dr. Donald C. Price of the Computational Industrial Research 
Organization (CSIRO, Sydney, Australia). Several technologies and approaches were 
presented including "Microwaves for Bondline NDE" by Dr. Mark Roberts, ARMY-VTC, 
"Surface Contamination Monitoring using Optical Simulated Electron Emission (OSEE)" 
by Mr. Daniel Perey, NASA, and "Computational Chemsitry of Bondlines" by Dr. Donald 
Phillips, NASA. Nonlinear ultrasonics is currently the leading technology for 
nondestructively detemining bond strength. The Symposium proceedings are published in 
this NASA Conference Publication. 
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Characterization of Adhesive Bonds Using Nonlinear Ultrasound 
1 1 * 1 5-1 1 :45 Northwestern University: Dr. Jan Achenbach - An 

Assessment of Adhesive Bond Deterioration by Detection of Nonlinear 
Effects 

11:45-1:15 LUNCH 
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NESB SUPPORT OF PROGRAMS 
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R&T Competency Areas 
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Reduce operational downtime of aircraft significantly 

Prototype instrument developed would have potential in any 
industry requiring “on the spot” bond analysis 
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Interfacial Boundary Properties / mechanical interlocking 
Existence of weak boundary layers 
Contamination / Environmental Effects 
Moisture / water in the bondline 
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Sydney, Australia 

* ARL Rodman 

• Dr. Steven McKnight - Adhesive Bonding Microfactory 
(Polymers Research Branch) 
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Possible Collaboration Opportunity Exists 
Visit to ARL occurred in October ‘98 
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Optically Stimulated Electron Emission (OSEE) (Perey) 
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• Scaled nonlinear parameter shown to be sensitive to 3 known good bonds & 

3 bonds containing peel ply material 

• Microwaves are feasible for moisture detection in adhesive bonded non-metals 
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Test and optimize bond strength measurement system 

Ready fatigue/integrated load history sensor for technology transfer 

Ready bond strength NDE technique for technology transfer 
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Porosity measurement capability 
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Microwave NDE: Conclusions & Plans 
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•Perform analytical and/or numerical approach on above conditions 
orrelate between cohesive & adhesive properties and expected electrical 

K/ l "V KT1 f Uk <>k M A. — • 
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Background and Goals 
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ects on the chemistry and properties of the bond layer. 
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This system was chosen for initial investigation. 
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al2o3 cluster model w/3 0 layers and 2 
al layers - with H atoms on dangling O 
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Electronic, Mechanical Properties? 
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3.39 



Results for PMMA-AIO2H Complex 
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Core Electron Energy Shifts 
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APo 
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OSEE - How It Works 
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Probe Cross Section 
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Pick-up Grid 
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Ultrasonic Nondestructive Characterization of Adhesive Bonds 
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deformation fatigue and fracture 





GWW School of Mechanical Engineering 
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PZT (5.5 MHz, Narrow-band) 

(Ultra, KC50 '-5, 3.5MHz at -6dB) 

PZT (7.5 MHz, Narrow-band) 

(Ultra, KC50 -10, 8.5MHz at -6dB) 

Laser Interferometer 
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GWW School of Mechanical Engineering 
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PZT/PZT 


GWW School of Mechanical Engineering 
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CurinR Temperature (°C) 121 82 82 90 

Curing Time (min.) 90 60 ^20 60 

Curing Pressure (MPa) 0.34 0.34 0.34 0,34 

Total Thickness (mm) 3,54 3,51 3,55 3.55 

Shear Strength (MPa) 35 4.0 3.3 4.1 




Nonlinear Parameter of Different Samples 



59 


Jianmin On 





60 


Jianmin Ou 


GWW School of Mechanical Engineering 

Generation of Higher Order Harmonics 
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Generation of Harmonics in Metals 
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GWWJSchool of Mechanical Engineering 
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- Adherend stiffiiess v(t) = u{0\t)-u{<T,t) 



GWW School of Mechanical Engineering 
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Setup for Guided Wave Measurement 
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ASSESSMENT OF ADHESIVE BOND DETERIORATION 
BY DETECTION OF NONLINEAR EFFECTS 


J. D. ACHENBACH 
PRINCIPAL INVESTIGATOR 


ZHENZENG TANG 
RESEARCH ASSISTANT 


CENTER FOR QUALITY ENGINEERING AND 
FAILURE PREVENTION 
NORTHWESTERN UNIVERSITY 
EVANSTON, IL 60208-3020 


GENERAL OBJECTIVE 

To develop an ultrasonic nondestructive technique to assess 
deterioration of adhesive bonds by the detection of nonlinear 
effects. The work on this project is both analytical and 
experimental in nature. 
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Center for Quality Engineering and Failure Prevention 


Northwestern University 


Outline 

• Ultrasonic Evaluation of Adhesive Bond 
Degradation By Detection of the Onset of Nonlinear 
Behavior Induced by Static Load 

* Superimposed longitudinal wave 

* Superimposed shear wave 

•Summary 

• New Approach A Strain-Temperature 

Correspondence Principle 

• Digitized Waveform Decomposition 
Technique 

• Preliminary Results 

• Conclusions and Future Work 
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SPECIMEN 


I 


1 . Adhesive (connection) 

2. adhesive (testing layer) 

3. Al block (adherend 2) 

4. Al Tube (water tank) 

5. Screw 

6. Al block (adherend 1 ) 

7. Transducer 
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CenlerbrOuali^ tyJngineBriry arrf Fai/ure Prevention Northwestern Unive rsity 

Methodology of Nonlinear Behavior Study 

Use different fatigue cycles to generate different 
severities of degradation. 

By varying the static load, ultrasonic measurements 
allow us to get the slope of the r — A curve at several 
points. 




Effective Modulus (GPa) 


Center for Quality Engineering and Failure Prevention 


Northwestern University 


Load vs. Effective Modulus for 50-50 Epoxy Layer 


Load vs. Effective Modulus for 50-50 Epoxy Layer 



Actual Load Applied (lbs) 
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Stress (MPa) 
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Effective Modulus (GPa) 


Center for Quality Engineering and Failure Prevention 


Northwestern University 


Load vs. Effective Modulus for 70-30 Epoxy Layer 


Load vs. Effective Modulus for 70-30 Epoxy Layer 



Actual Load Applied (lbs) 




Stress (MPa) 
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Reconstructed Stress-Strain Relation ( 70 - 30 ) 


Reconstructed Stress-Strain Relation for 70-30 Epoxy Layer 


0 cycle 
50K cycles 


1 00K cylces 



0.04 0.06 


0.08 0.1 
Strain (% 






80 



Center for Quality Engineering and Failure Prevention 


Northwestern University 



81 







82 



Northwestern Universitv 


'eniei ter Quoins Eiujineei mg oiu.1 r.uiure Prevention 

Summary 

The onset of nonlinear behavior of adhesive bonds can be 
detected ultrasonically. The results show that the degradation 
due to cyclic fatigue can be detected by the reduction of the linear 
portion of the stress-strain curve without any change of slope in 
the linear range. 

Shear waves can be used to detect the onset of nonlinear 
behavior of adhesive bond degradation generated by cyclic 
fatigue while the specimen is under shear loading. Longitudinal 
waves can also be used for this purpose. 

The nonlinear behavior of a cyclically fatigued specimen is 
initiated at a lower stress level of the shear loading than the 
tensile loading. For practical reasons, it is preferable to subject 
the specimen to shear loading while the detection uses 
longitudinal waves. 
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A New Approach — A Strain-Temperature 
Correspondence Principle 


V y 


1 2 3 

Strain (%) 


The initial slopes at temperature T x and T 2 and slopes at strain 
£i and eo are the same. 


a - Co [e + /(e)] ; 


- C 0 [l+ /'( e )] ( 7 ) 


C(T) = Co [1 + h(T)] 

Strain-Temperature Correspondence Relation 
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Preliminary Results 


Temperature Dependence of velocity for several materials 



25 30 35 , <10 45 50 

Temperature (“ C) 


Temperature dependence of velocity for various materials. Water 
(solid), FM73 (dashed), DER Epoxy (dashdot), AB Epoxy(solid) 
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A Simple Model 


Quadratic Nonlinear Term 


a = Co e 


-to 


Definition of Temperature-Velocity Coefficient a, 


( 11 ) 


dc(T) 

c 0 dT ~ _Qc 

Strain-Temperature Correspondence Relation 


(12) 


- = 2a c AT - (q^ + 6aj3)AT 2 + 3a* 8 AT* ( 13 ) 

eo 
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Reconstructed Results 


20 25 


30 35 40 

Temperature fC) 





45 30 0 °- 05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 

Strain (m/m %) 


(a) Temperature dependence of velocity in three samples and the 
bulk sample, bulk sample (solid line), sample #1 (solid line, ’o’), 
sample #2 (dashed, ’x’), sample #3 (dash-dot, V). 

(b) Theoretical prediction of ultimate strain and ultimate stress for 

AB Epoxy specimens. Solid (sample #1), Dashed (sample #2). 
Dash-dot (sample ^3) 
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Conclusions and Future Work 

Conclusions 

It has been shown that the new approach has potential. The 
application of the strain-temperature correspondence 
nondestructively yields nonlinear parameters which can only be 
obtained destructively otherwise. These nonlinear parameters 
can define the residual strength of an adhesive bond. 

Future Work 

(1) Improve the temperature controlling system. 

(2) Measure the correspondence function. 

(3) Apply this principle to study adhesive bond degradation. 



Investigation of Adhesive Bond 


Cure Conditions using Nonlinear 
Ultrasonic Methods 


Tobias P. Berndt and Robert E. Green, Jr. 



CNDE 


Center for Nondestructive Evaluation 


The Johns Hopkins University 


Department of Materials Science and Engineering 
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Objective 

Investigate various Cure Conditions of Adhesive Bonds 
using Nonlinear Ultrasonic Methods 
with Water Coupling 

>* Normal Incidence * ' ~ ~ 

>■ Oblique Incidence 
>■ Wave Mixing 
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Samples 


• 250 F for 90 min at 50 psi ( Normal ) 

• 1 80 °F for 60 min at 50 psi 

• 1 80 °F for 120 min at 50 psi 

• 195 °F for 60 min at 50 psi 

• No significant differences in Bond Thickness across Samples 

• Thicknesses: ~360pm (center) to ~150pm (edge) 
Longitudinal Velocity through Normal Bond (- 2.33 mm/ps) 
up to 7% lower than in all other cases 

• Shear Velocity through Normal Bond (-0.96 mm/ps) up to 
6% lower than in all other cases 
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Normal Incidence 

(Longitudinal Transmission) 


^||| RECEIVER 



SFLTT_5.CDR 
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Amplitude of 2nd Harmonic (V) Amplitude of Fundamental (V) 


Bond Sample versus Single Aluminum Plate 



Sample Position along Transmitter-Receiver Axis (in) 
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(A) apnjiidujv 
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First Through Transmission Resonance of Adhesive 
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Measuring between Resonances, 
but at optimum Transmitter SYe« non 


(A) ojuoujjBH PU2 jo apnjjidiuv 
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(a) oiuolujbh pug JI 
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Measuring between Resonances, 

. A A • m 



(A) omoujjBH puz *o apnjjidwv 
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Contact Measurements 

• To verify existence of and differences in both 2 nd and 3 rd 
Harmonics in given Bond system 

• Transmitter: 5 MHz LiNbQ 3 bonded with SALOL 

• R eceiver: 10 MHz broadband (commercial contact) 

• Samples: 0.25” Aluminum Substrates 
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Transmitter Drive Voltage (Vpp) 



180 °F 60 min (Undercured) versus 250 °F 90 min (Normal) 



(A) omoiujBH PU2 jo apnjndiuv 
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[Amplitude of Fundamental] 2 (V 2 ) 
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(a) Aou8nb0j-j-iuns }o Qpnjijdiuv 
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Position from Transmitters (in) 



180 °F 60 min (Undercured) versus 250 °F 90 min (Normal) 



(A) Aouanbaij-iuns to opnjiidwv 
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Position from Transmitters (in) 



Adhesive Sum-Signal 
normalized by Backsurface Sum-Signal 



|BU6lS P9ZJ|BUJJ0(\| 
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ABUS System for Quantitative Inspection 
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•ABUS Data Correlation to Strength 



Problem Statement 
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Conventional Ultrasonic Inspection 
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Angle Beam Ultrasonic Spectroscopy 
for Adhesive Joint Inspection: 
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• The normally incident wave is used to decouple the 
effect of the bond line thickness 



An 9 le Beam Ultrasonic Spectroscopy 
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Reflection Coefficients Calculation 



(gp) epniHdwv 
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CO 


• Little effect on the normal incidence reflection spectrum 

• Oblique incidence reflection spectrum exhibits strong shift of the spectrum 





Effect of Imperfect Layer/Substrate 
Interface on Ultrasonic Sianature 
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The ABUS concept: 

Layer Properties Reconstruction 
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Bond quality factor: effective moduli 
adhesive moduli 





The Angle Beam Ultrasonic Spectroscopy (ABUS) 

Scanner Concent 






The ABUS System 
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ABUS System Hardware 
Overall Design 
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ABUS System: Software 

Overall Design 
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ABUS System: Software 

Hardware Control 
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ABUS System: Software 
User Interface Design 
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ABUS System: Software 
User Interface 
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ABUS System: Software 
User Interface 



Main gate (Storage) 
Front surface echo gate 
Interface echo gate 
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ABUS System: Validation 








ABUS System: Validation 
Sample Matrix 
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Weak (treated) Lap-shear Joint 
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•Low average value of the effective stiffness 
•Inhomogeneous pattern over the bond area 




Results: Reference Lap-shear Joint 
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•High average value of the effective stiffness 
•Homogeneous pattern over the bond area 





ANGLE BEAM ULTRASONIC S--L . "POSCOPY 














ABUS System: Validation 
Boeing Sample Testing 
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n ?®- S25 S27 SI S2 S3 S26 S25 S27 SI S2 - 

Bond with inserted fabric Regular bond Bond with inserted fabric Regular bond 



Conclusion 
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The ABUS System is capable of detecting weak bonds which are not 
detectable by C-Scan. 



Characterization of Adhesive Bo 
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Outline 
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Characterization of adhesive bond integrity 
after manufacturing 



APPROACH; 

Theoretical model: 


- An adhesive Joint is considered having multilayered Interphases 

Including anisotropic porous aluminum oxide and weak boundary 
layers. 
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SOLID 

AljOj (ANISOTROPIC) 
WEAK BOUNDARY LAYER 


ADHESIVE 


WEAK BOUNDARY LAYER 
Al,0, (AMSOTROPIC) 


SOLID 


* ' < 

- A special ultrasonic goniometer is developed for experimental 
investigation. 



- Spectrum of the obliquely reflected ultrasonic signals is tyw i? 
for interphase property reconstruction. 
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Ultrasonic technique 
for evaluation of adhesive joints 



141 





Transfer Matrix Algorithm 
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R ' ^ is func tion of the product of transfer matrices 
B' (i=1 10 n ) is M transfer matrix for off plane orthotropic layer 




Nondimensional Parameters 
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File: qnde96-i.ppt Ohio State University 

ONDE-96. Julv 31. 1996 



Relation between Parameters 
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Strategy for Reconstruction 
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Results of Inversion 
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Multi-ply Laminated Composite Sample 
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Transfer Matrix Algorithm 
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R, r(I7 B t ) is function of the product of transfer matrices 

Bj (i=1 to n) is [6x6] transfer matrix for off plane orthotropic layer 




Model for the composite joints 
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Multi-ply Composites Ultrasonic Measurements 
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Investigate reflection and transmission characteristics 
vs. incident angle a and orientation angle 0 



Normal Reflection Time Domain Signal from the Laminate 
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Experimental Apparatus for Double Transmission 

Amplitude Measurement 
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CYLINDER ' 
REFLECTOR 















Double Through Transmission Characteristics 
Orientation Angle 9 = 25° ( Experiment ) 
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Amplitude of Double Transmission vs. Incidence Angle 

Experiment 
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Incident Angle a (degree) Incident Angle a (degree) 




Amplitude of Double Through Transmission Signals 
Different Incidence and Orientation Angles 
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Double through transmission amplitude 

• has 1 80° rotation symmetry 

• has no reflection symmetry (0 and - 0) 


Amplitude of Double Transmission vs. Incidence Angle 

Experiment (5 MHz tone-burst) — ^ A A /V — 
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OUTLINE 


• STATEMENT OF THE PROBLEM 

• SUMMARY OF THE EXPERIMENTAL RESULTS 

• MODELS OF INTERFACE IN ADHESIVE JOINT: 

- "COMPOSITE” WEAK BOUNDARY LAYER 

- INTERFACIAL SPRINGS 

• CONCLUSIONS 
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Layered structure of adhesive joints 
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Texture of Porous Anodic Oxide 


EFFECT OF SURFACE PRETREATMENT ON THE 


PERFORMANCE OF ALUMINUM-ALLOY EPOXY 
JOINTS SUBJECTED TO ACCELERATED AGING IN 


WATER AT 50°C 



161 



PROCEDURE FOR JOINT PREPARATION 

• Surface cleaning in Alconox detergent solution 

• Surface deoxidation 

(sodium dichromate + sulfuric acid + distilled water) 

• Phosphoric acid anodization 

• Priming of surface by BR-1 27 primer 

• Bonding by FM-73 adhesive film 

CONDITIONS FOR ACCELERATED AGING 

• EXPOSURE MEDIUM: 

saturated solution of NaCI at 68°C 

• LOAD:. 800 or 1000 lb . _ „ 

Under these conditions the joints broke in 1 -3 weeks 
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INITIAL FAILURE LOADS OF ALUMINUM SINGLE LAP 
ADHESIVE JOINT SAMPLES BONDED WITH FM 73 
FILM ADHESIVE AND BR-1 27 PRIMER 


Failure Load, lb 



1 Wide Samples 3/4" Wide Samples 
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LOADING ARRANGEMENT FOR A SINGLE LAP ADHESIVE 
JOINT SAMPLE USING STRESS FIXTURE 

APPLIED LOAD IS MEASURED AS DEFLECTION OF THE FIXTURE 
BY DIAL INDICATOR 
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LIFETIME OF SINGLE LAP SHEAR ADHESIVE JOINTS 
AGED IN SATURATED NaCI SOLUTION 
UNDER 1 000 lb LOAD AT 70°C 
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Problem Statement: 


• Adhesive joints can fail 
catastrophically in severe 
environments 

• Residual strength and lifetime 

of joints is independent of initial 
joint strength 

This shows the necessity of 
nondestructive evaluation of 
adhesive j oints in service 
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Modes of failure in adhesive joints 


CD 
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Frequency, MHz Frequency, MHz 






Two types of experiments: 
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Fraction of disbond area, % 





Measurement of water layer thickness 
at the coating/Ge interface 
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Reflector 



Thickness of adhesive layer, 


example of thickness measurement 
for the sample before degradation 


a 
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thange of thickness, 


RELATIVE THICKNESS CHANGE OF ADHESIVE LAYER 
DUE TO EXPOSURE IN NaCI SATURATED SOLUTION 
AT 68°C UNDER 800 LB LOAD 
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CONCLUSIONS: 


i) Three factors were found to affect position of 
frequency minimum for obliquely reflected signal: 

• adhesive layer thickness increase (including creep) 

• bulk adhesive properties change 

• interface degradation 

ii) Measurements at normal incidence on the joint are 
sensitive only to thickness and bulk property 
changes 

• this is a basis for separation of interfacial 
degradation effects from thickness and bulk 
property change effects 

i“) Frequency-minimum shift at the edges of the joint 
is larger than predicted from the adhesive 
thickness change. 

The excess is due to interface degradation 

iv) Frequency-minimum shift at the center of the joint 
is less than predicted from the adhesive thickness 
change. 

This may be attributed to stress redistribution and 
stress change at the joint center 
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BOEING / CSIRO JOINT RESEARCH PROJECT 


NDT OF BONDED STRUCTURES 


Report No- 16 


NON-LINEAR PROPAGATION OF 
GUIDED ELASTIC WAVES 

I. THEORETICAL ASPECTS 


D C Price 

CSIRO Telecommunications & Industrial Physics 


November 1998 
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(U 0 2 (d) (magnitud 















U/(Uo 2 g>) (magnitude) U/(U 0 2 <o) (magnitude) 


Aluminium plate immersed in water, 2.5 MHz incident wave. 


Reflected waves (in water above plate) 



Transmitted waves (in water below plate) 
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U/Uo (magnitude) U/Uo (magnitude) 



U/(U 0 2 co) (magnitude) U/(U 0 2 co) (magnitude) 


Aluminium plate immersed in water, free harmonics in plate. 
Internal plate waves, f = 2.5 MHz 
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U/(Uo 2 co) (magnitude) U/(Uo 2 (o) (magnitude) 


Aluminium plate immersed in water, 5 MHz incident wave. 
Reflected waves (in water above plate) 



Transmitted waves (in water below plate) 
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U/U 0 (magnitude) U/U 0 (magnitude) 





U/(U 0 2 (o) (magnitude) U/(U 0 2 co) (magnitude) 


Al bonded plate immersed in water, 2.5 MHz incident wave. 


Reflected waves (in water above plate) 



Transmitted waves (in water below plate) 
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U/Uo (magnitude) U/U 0 (magnitude) 



U/(U 0 2 co) (magnitude) U/(U 0 2 co) (magnitude) 


Bonded Al plate immersed in water, 5 MHz incident wave. 
Reflected waves (in water above plate) 
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Transmitted waves (in water below plate) 
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